A fundamental property of many organisms is an ability to sense, evaluate, and respond to environmental signals. In some situations, generation of an appropriate response requires long-term information storage. A classic example is vernalization, where plants quantitatively sense long-term cold and epigenetically store this cold-exposure information to regulate flowering time. In Arabidopsis thaliana, stable epigenetic memory of cold is digital: following long-term cold exposure, cells respond autonomously in an all-or-nothing fashion, with the fraction of cells that stably silence the floral repressor FLOWERING LOCUS C (FLC) increasing with the cold exposure duration. However, during cold exposure itself it is unknown whether vernalizing cold is registered at FLC in individual cells in an all-or-nothing (digital) manner or is continuously varying (analog). Using mathematical modeling, we found that analog registration of cold temperature is problematic due to impaired analog-to-digital conversion into stable memory. This disadvantage is particularly acute when responding to short cold periods, but is absent when cold temperatures are registered digitally at FLC. We tested this prediction experimentally, exposing plants to short periods of cold interrupted with even shorter warm breaks. For FLC expression, we found that the system responds similarly to both interrupted and uninterrupted cold, arguing for a digital mechanism integrating long-term temperature exposure.
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vernalization | digital | analog | temperature | FLC I n many circumstances, organisms react to external environmental signals through altered gene expression programs (1) (2) (3) . In some cases, these responses are maintained even without the originating signals. This outcome can be achieved through information storage in epigenetic memory (4) (5) (6) (7) . Such memory, whether implemented by cis-or trans-acting positive feedback loops, is typically digital, encoding an all-or-nothing response at a cellular level (6, 8) . Such a digital mechanism permits reliable information storage even in the presence of large fluctuations in, e.g., protein concentration levels. However, although the eventual memory is digital, mechanisms for monitoring noisy external signals could be analog or digital, before their information content is stored in long-term digital memory. Here, we study constraints that might favor or disfavor digital vs. analog signal registration.
The best-characterized system in which an environmental signal is converted into quantitative, digital epigenetic memory is vernalization in Arabidopsis thaliana (9, 10) . In vernalization, memory of exposure to long-term cold is epigenetically stored in a cell-autonomous process that involves histone modifications (specifically trimethylation at lysine 27 of histone H3, H3K27me3) and Polycomb complexes, at the floral repressor gene FLOWERING LOCUS C (FLC). An important phase of the process involves cold-dependent accumulation of H3K27me3 in a localized "nucleation" region (no more than two or three nucleosomes) within the transcribed region of FLC (10) (11) (12) . H3K27me3 accumulation at the nucleation region (NR) therefore acts as a register of cold exposure duration. The occurrence of such an H3K27me3 peak then triggers spreading of H3K27me3, which increases across the entire FLC locus at the end of cold exposure, resulting in epigenetic maintenance of the silencing. According to FLC-GUS assays (12) , this subsequent memory is both quantitative and digital, with the fraction of cells stably silenced via H3K27me3 determining the overall level of FLC expression, which quantitatively regulates flowering time (10, 12, 13) . Importantly, the cold-dependent H3K27me3 NR accumulation is also quantitative, increasing with longer cold exposure. However, current measurements of FLC histone modification levels are population based and do not reveal the status of individual cells. Consequently, it is unclear whether H3K27me3 NR accumulation during cold temperature exposure is either an all-or-nothing response in each cell (digital) or a gradual increase in all cells (analog). Here, we exploit vernalization to probe how organisms register external signals, with the goal of distinguishing between analog and digital mechanisms for cold-induced H3K27me3 nucleation at FLC.
Using simulations and mathematical reasoning, we show that analog cold temperature registration is deficient due to inadequate analog-to-digital conversion for stable information storage. This difficulty is not present with digital cold temperature registration and is particularly problematic when responding to short cold periods. We investigate this effect experimentally by exposing plants to multiple short cold periods interspersed with even shorter warm interruptions. The observed response to interrupted vs. uninterrupted cold treatment is similar, providing strong evidence that cold is registered at FLC digitally rather than in an analog fashion, before digital epigenetic information storage. Nevertheless, we also elaborate how the observed integration of the temperature signal is still imperfect. This finding suggests a multistep cold-sensing mechanism that may help to generate appropriate responses to a noisy environment.
Significance
How organisms monitor external environmental signals and integrate these measurements into their development is a fundamental question. Here, we investigate this issue in the context of vernalization, the perception and memory of longterm cold temperature exposure in plants. We use a combination of mathematical modeling coupled with experiments on plants exposed to an interrupted cold temperature regime. We find that cold temperature exposure is likely to be registered in an all-or-nothing (digital) manner at the relevant gene FLOW-ERING LOCUS C. Such a mechanism allows for integration of noisy, interrupted temperature signals and for subsequent switching into a stable, digital epigenetic memory state. This analysis is a key step toward uncovering the biochemical elements behind long-term cold temperature monitoring.
Results
H3K27me3 Nucleation at FLC Can Potentially Be Digital or Analog.
The quantitative nature of vernalization involves the epigenetic silencing of FLC in an increasing fraction of cells. Postcold FLC silencing and H3K27me3 accumulation over the whole FLC gene occur in a digital (all-or-nothing) cell-autonomous fashion, with increasing cold exposure increasing the fraction of cells with high levels of H3K27me3 over FLC. In our modeling we assume both alleles of FLC behave identically, both during and after cold exposure, coordinated by their physical clustering during cold exposure (14) . Previous modeling of FLC involved a "tug of war" between opposing, mutually exclusive "M" (silencing) and "A" (activating) histone marks (12) , with M representing H3K27me3. Furthermore, within the NR, the A mark has been shown to be consistent with H3K36me3 (15), although outside this region its identity is still unclear. Each modification is assumed to be self-reinforcing, recruiting factors that tend to add the same, but remove the opposing, mark (16) , consistent with recent data (15) . This feedback ensures robust bistability with the system tending to be locked in either an M-or an A-rich state. We implemented these dynamics in a stochastic Monte Carlo simulation, which keeps track of the number of histones modified in the M or A states or not modified ("U"). Effects of DNA replication are incorporated, as well as nucleosome swap out and noisy addition/removal of marks (details in SI Text).
During cold exposure itself, H3K27me3 accumulates at a localized NR in FLC, registering the duration of cold exposure. Consequently, the H3K27me3 NR peak provides a colddependent "push" toward the silenced state, as the peak causes the addition of H3K27me3 across the locus. Self-reinforcement can cause the entire locus to become covered with H3K27me3, enforcing a switch to an epigenetically silenced state. This switch occurs at the end of cold exposure with unknown factors preventing H3K27me3 spreading during the cold. Note that, for FLC, the switching element (NR) is physically contained within the downstream bistable object. However, this physical arrangement is not important for our conclusions. Conceptually, there are two ways in which a cold-induced H3K27me3 peak can arise ( Fig. 1) , analog or digital. Analog. Here, H3K27me3 nucleation accumulates essentially equally in all cells, with amounts increasing over time during cold exposure (Fig. 1A) . Due to the fast and noisy dynamics of histones and their modifications, a straightforward way to induce an analog, slowly rising H3K27me3 NR peak is to slowly change the probabilities per unit time of histone modification addition/ removal as a function of cold exposure duration. Digital. In a digital system, the H3K27me3 NR peak is an all-ornothing phenomenon. However, there are two ways in which this digital peak can be realized. In class 1, more cells stochastically but irreversibly acquire this peak as the duration of cold exposure increases (Fig. 1B) . This could occur through the probability per unit time of H3K27me3 addition at the NR irreversibly undergoing a sudden, large increase at a random time during the cold. Hence, the H3K27me3 modifications would be present for an overwhelming fraction of the time in nucleating cells (digital: on) but only for a small fraction of time in nonnucleating cells (digital: off). Due to the stochastic nature of the switch, the fraction of cells exhibiting a digital NR peak will increase with increasing cold duration. However, due to the long time periods (months) over which vernalizing cold is registered, the probability per second of irreversible switching must be very low (on the order of 10
) to prevent premature saturation. In class 2, the digital peak itself appears and disappears stochastically within a cell with a certain frequency. This is due to the probabilities per unit time of histone modification addition/removal changing stochastically back and forth from values inducing digital high or low levels of H3K27me3 nucleation, with the fraction of time the digital peak is present in a cell increasing as the duration of cold exposure increases (Fig. 1C) .
The H3K27me3 peak is believed to be responsible for switching the epigenetic state of the locus from active to silenced with high H3K27me3 across the whole locus at the end of cold exposure (12) . In an analog model, cells switch with a probability that positively correlates with the H3K27me3 NR peak height. In a digital class 1 model, only cells that have stochastically acquired a digital H3K27me3 NR peak during cold can switch (with high probability). In a digital class 2 model, cells switch with a probability that positively correlates with the fraction of time the digital NR peak is present. In this study, we restrict ourselves to studying each model separately, although in principle the different mechanisms could be combined.
Model of H3K27me3 Dynamics Reveals Difficulties with an Analog
Mechanism. To study the issue of digital vs. analog nucleation, we adapted our original model of epigenetic memory in vernalization (12) to function with either analog or digital temperatureregistering nucleation (SI Text). The models were parameterized using new and existing cell population-level ChIP (12, 15) and FLC expression data ( Fig. 2) , with our previous parameterization as a starting point (SI Text and Table S1 ). Using a χ 2 test statistic, all of the models formally provided a satisfactory fit to the data, due to the relatively large SDs, although with the digital models providing an overall superior fit (Fig. 2) . However, considering the SE of the mean (SEM), the analog model performed poorly for the expression level at 2 wk cold (plus a 7-d period of warm), compared with both digital models, and poorly in the ChIP at 4 wk cold (plus a 7-d period of warm), compared with the digital class 1 model. Using the SEM, we found the probabilities that the true 2-wk mean would be as far, or farther from, the experimental relative expression data mean as in the analog or digital models, using a one-tailed t test and approximating simulated data as having zero error. These probabilities were 0.003 (analog), 0.1 (digital, class 1), and 0.02 (digital, class 2). We also found similar probabilities for the ChIP at 4 wk cold (plus a 7-d period of warm), giving 0.04 (analog), 0.37 (digital, class 1), and 0.02 (digital, class 2). As the analog and digital class 1 models have equal numbers of parameters (with the digital class 2 model having one more) (Table S1 ), the analog model is disfavored, especially compared with the digital class 1 model.
From model simulations (SI Text), we then extracted the relationships between the probability for each cell to switch to a silenced state at the end of cold exposure and the cell population level of H3K27me3 in the NR. For the digital class 1 model, this relationship was almost linear, with each cell that digitally nucleates subsequently having a high probability (∼0.98) to switch into a silenced state at the end of the cold period (Fig. 3A) . For the digital class 2 model, the relationship was also linear. Interestingly, for the analog version of the model, we found a sigmoidal form that could not be significantly altered by reparameterization. As a result, low levels of nucleating H3K27me3 from short periods of cold exposure could only inefficiently induce a switch (Fig. 3A) . This observation implies that vernalization with analog but not digital temperature-registering nucleation is insensitive to short cold periods, in agreement with the above poor fit of the analog model to our 2-wk cold exposure expression data. Note that this sigmoidal form of the switching probability as a function of cell population nucleating H3K27me3 levels is distinct from the rise of nucleating H3K27me3 as a function of cold duration, which is also, but separately, sigmoidal ( Fig. 2A) . Conceptually, the reason for the insensitivity of the analog model to short periods of cold exposure is as follows. A short period of cold gives rise only to a relatively small analog H3K27me3 NR peak in each cell. The self-reinforcing nature of the histone modifications then means that such a small NR peak is ineffective in switching the state of the locus to one covered by silencing H3K27me3 modifications; otherwise switching would occur frequently due to noise. Hence, for short periods of cold, analog-todigital conversion of information about cold temperature exposure is ineffective. Digital nucleation, with an all-or-nothing H3K27me3 NR peak inside each cell, is not affected by this issue. Intuitively, to make the analog model as effective in switching after a short period of cold as the digital models, the NR peak would have to rise rapidly for short cold periods before slowing. To test this reasoning, we constructed the nucleation profile that would be required to make the analog model perform as well as the digital class 1 model in fitting to the expression data (SI Text). We found that the necessary profile is as described above, i.e., the opposite of that observed experimentally, where the (cell population averaged) NR peak rises slowly with time for short cold exposures before accelerating (Fig.   3B ). For example, performing the same statistical analysis as above, we found a probability <0.01 that the true 2-wk ChIP mean would be as far, or farther from, the experimental ChIP data mean as in the refitted analog model. Accordingly, this analysis again does not support an analog nucleation hypothesis.
In addition to the problem of weak switching from a small NR peak in the analog model, there is a second difficulty. Experiments show that the cell population NR peak level rises slowly with cold exposure duration ( Figs. 2A and 3B ), before accelerating. Both analog and digital models therefore have a reduced switching probability for short cold exposure periods. However, the analog model will perform worse for short cold periods as weak nucleation is compounded by weak switching.
Plants Respond Similarly to Both Interrupted and Uninterrupted Cold, Favoring a Digital Mechanism. Our data have so far favored digital rather than analog nucleation. To further test this hypothesis we subjected Arabidopsis plants to multiple short cold periods broken up by even shorter warm interruptions. The results of these experiments were compared with uninterrupted cold treatments with the same overall duration of cold. This protocol was designed to reveal any weakness in responding to short interrupted periods of cold, as expected with an analog mechanism. Through the use of such warm interruptions, the differences found previously between the analog and digital mechanisms for short periods of cold exposure should be amplified, compared with equivalent uninterrupted cold treatments. These experiments were also able to probe how well the FLC system could cope with variable long-term temperature profiles more similar to those found in natural conditions.
We exposed Arabidopsis plants to cold treatments including one, two, and three interruptions: (12) . Plants subjected to interrupted cold treatment experienced additional days of warm compared with plants given continuous cold, due to the warm interruptions. Accordingly, plants subjected to continuous cold were, at the end of cold treatment, grown in the warm for a period such that the total warm exposure duration was the same for the corresponding uninterrupted vs. interrupted cold experiments. FLC spliced mRNA levels relative to those without cold exposure were determined by quantitative RT-PCR. In interrupted treatments, these measurements were taken 7 d after the end of cold exposure. In uninterrupted treatments, measurements were taken following cold exposure after 7 d plus the summed duration of the warm interruptions in the corresponding interrupted treatment. Strikingly, the vernalization response was similar in both interrupted and uninterrupted cold treatments (Fig. 4) . On average, we found interrupted cold generated spliced mRNA levels only 1.5 ± 0.2 (SEM) times that of the equivalent uninterrupted cold. Compared to our simulations, this fold change was closer to that of the digital class 1 [1.9 ± 0.02 (SEM)] and class 2 [2.5 ± 0.03 (SEM)] models, rather than to that of the analog model [4.0 ± 0.07 (SEM)] (Fig. 4 A-C) . For reasons that are unclear, however, even the digital models underestimated the degree of FLC silencing relative to that in nonvernalized conditions in all cases.
To confirm our results, we also measured leaf number as a quantitative measure of flowering time, with a higher leaf number indicating delayed flowering. Interrupted cold treatments of three periods of 14 d and four periods of 7 d were compared with 42 d and 28 d of uninterrupted cold, respectively. These results showed only a 1.3 ± 0.1 (SEM) fold increase in leaf number when comparing interrupted cold to the equivalent period of uninterrupted cold (Fig. 4D) . Overall, these results demonstrate that plants respond similarly to both interrupted and uninterrupted cold. This finding supports the hypothesis that quantitative, digital memory of FLC expression is written via quantitative, digital H3K27me3 nucleation.
An Improved Integration over the Temperature Signal Is Possible but
Is Not Implemented in Arabidopsis. The above results demonstrate that Arabidopsis is able to integrate over an interrupted cold temperature signal. However, as illustrated by measurements of spliced mRNA, the response to interrupted cold is still slightly reduced compared with uninterrupted cold exposure. mRNA levels differed by 1.5-fold between interrupted and uninterrupted cold treatments (P < 0.05 paired-sample one-tailed t test on the natural logarithm of the ratios). Our experiments on leaf number also showed a similar trend, although it is difficult to be quantitative due to the uncertain effect of warm interruptions during cold exposure on leaf number. This finding is intriguing because, theoretically, it is straightforward in the digital nucleation case to achieve an improved integration over interrupted cold, with an identical response to uninterrupted cold, as we now describe.
Using a digital class 1 model, we assume that a fraction f of cells acquire a digital nucleation peak by a time t after the beginning of cold exposure, with cold registration beginning immediately once cold exposure starts. Assuming that all cells with a digital NR peak switch to the silenced state at the end of a cold period, then the fractional silencing after a single cold period will be f(t). We require that two cold periods interrupted by a short warm period should lead to an identical vernalization response to an equal total duration of uninterrupted cold. Defining the fraction of unsilenced cells g(t) = 1 − f(t), this reasoning leads to g(t 1 + t 2 ) = g(t 1 ) g(t 2 ). Assuming continuity, the unique solution is g(t) = exp(−αt) for constant α and hence f(t) = 1 − exp(−αt). To satisfy the boundary condition f(t) → 1 as t → ∞, we require α > 0. This corresponds to a one-step, stochastic, irreversible Poisson switching process in individual cells.
From the above, we assume our experimental H3K27me3 data reflect the fraction of cells with a digital NR peak. Generalizing, we now allow for some cells to be silenced before cold exposure, as well as for a small NR peak in cells that have not responded to cold (SI Text). We then fit to the cell population H3K27me3 nucleation and expression levels (Fig. S1) , with relatively poor agreement. For example, a one-tailed t test as before on the 2-wk ChIP data yielded a probability <0.01 that the true 2-wk ChIP mean would be as far, or farther from, the experimental ChIP data mean as in the perfect buffering model. This result accords with our experiments showing a weakened response to interrupted cold, with an interrupted to uninterrupted spliced mRNA ratio of 1.5.
Digital Memory Imposes Generic Constraints on the Registration of
Information. The above analysis has exposed a deficiency in analog temperature-registering nucleation in our current model, with poor fits to the data. However, there could be specific features of this model that cause this behavior, features that might not be present in other potential models for epigenetic switching/memory. In particular, the above model assumes cisacting digital epigenetic memory with self-sustaining histone modifications. However, other forms of memory, for example trans-acting via a protein with strong positive transcriptional feedback, are also possible in principle. To elucidate the generality of our results, we therefore introduce a simple conceptual model. The model represents a generic bistable system with controllable cold-induced switching from one state to the other. Here, we use the conceptual model to compare the analog model specifically with the digital class 1 model, which is sufficient to expose the conceptual difficulties of an analog mechanism.
The model uses a variable x that represents the system expression state. A stable, active (silenced) transcriptional state corresponds to values around −1 (+1), respectively. To stabilize these steady states, we assume the existence of a symmetric double-well potential (Fig. 5A) . The dynamics of the system can be illustrated pictorially: When placed in a certain state (value of x), the system will (for x ≠ 0) "roll" downward until it reaches one of the minima at x = ±1. To switch from one state to another, it is necessary to move the system state x past the local maximum at x = 0, after which the system will relax back to the other state. At the start of cold exposure, x takes a value around −1 in most cells, consistent with an active state (Fig. 5B) . During cold exposure, cold temperature registration occurs, such that at the end of cold exposure, the population level of x has increased. If at this time x > 0 in a cell, then a switch occurs to a stable silenced state around x = 1 (Fig. 5 C and D) . The model imposes a potential landscape with two stable states. However, the mechanism that generates this landscape is unspecified. Hence, our conclusions should be applicable regardless of how the states are stabilized (e.g., through cis-acting self-reinforcing histone marks or trans-acting transcriptional feedback). For a discussion linking the conceptual model with our specific cis-acting histone-based model, see SI Text.
So far, the conceptual model is deterministic whereas biological systems are noisy. Thus, we assume that there is a distribution of system states described by x around its deterministic value. At the end of the cold the part of the distribution at x > 0 will switch to the silenced state. Hence, the overall switching probability is given by the fraction of the distribution at the end of cold exposure that lies at x > 0. In the analog case, at the end of cold exposure, a cold-induced increase in x will have occurred in all cells with the fraction of the distribution lying at x > 0 positively correlated with cold exposure duration. Hence, the fraction of cells that switch depends on the duration of cold exposure (Fig. 5C ). In the digital class 1 case, near-perfect switching occurs stochastically but irreversibly in individual cells, as the value of x shifts from near −1 to near +1 (Fig. 5D) . Hence, it is the number of cells that digitally register cold that determines how many enter the silenced state after cold exposure. Thus, both the analog and digital models can produce quantitative increases in silencing with increasing cold exposure duration.
However, as in the detailed model discussed previously, the analog implementation suffers from an issue not present in the digital version. Due to the potential landscape and distribution of system states, the analog model switching probability behaves differently for different cold exposure durations. At short (and long) durations, the switching probability increases more slowly with increasing cold duration, whereas for intermediate durations, it increases more rapidly. This means that few cells will switch for short cold periods in the analog system, and there is a region of saturation after long cold periods. In the former case this problem arises because, for short cold periods, few cells acquire a large enough change in x to carry them over the maximum at x = 0 and hence cannot switch. Although the conceptual model is simple, this feature is general for any system exhibiting bistability and that must be controllably switched from one state to another. The bistability requirement necessitates a potential landscape as in Fig. 5A , ensuring two stable states. As a result, small analog changes (here, short cold periods) will be unable to induce appropriately efficient switching. Hence, any analog model will fail to respond properly to small changes. The digital class 1 model clearly does not suffer from this deficiency.
Overall, we conclude that analog cold registration is problematic when confronted with short periods of cold. This difficulty arises from an inability to convert small analog changes into stable digital memory, regardless of whether this memory is held in cis or in trans. The cold-induced switching element that sets up the appropriate fraction of postcold digitally silenced cells should therefore also be digital. Hence, the conclusions reached for our detailed model are generic and should moreover apply to any system that needs to digitally store quantitative information.
Discussion
The mechanism of epigenetic memory storage is poorly understood and intensely debated (17, 18) . Even less is known about how epigenetic memory states are switched in response to external signals. Here, we find evidence that long-term cold temperature registration at FLC during vernalization is digital. Such a mechanism can effectively integrate over interruptions to cold exposure due to robust switching of FLC into a stable, digital epigenetic memory state.
The possibility of digital temperature monitoring has not been generally considered, but provides insight into the identification of the relevant molecular components. However, H3K27me3 nucleation need not be the direct temperature-perceiving element. Rather, digital nucleation of H3K27me3 could be directed by upstream temperature sensor(s). For example, temperature could be sensed by discrete change(s) to a protein or RNA structure (19, 20) . Such change(s) could be cold-temperature sensitive by occurring at much higher probabilities at low as opposed to high temperatures. One consequence of such a temperature-dependent change could be the digital, cell-autonomous induction of the plant homeodomain protein VIN3, whose expression is known to increase quantitatively with cold exposure duration (21) . In a digital class 1 model, this switch could then induce a stable, digital H3K27me3 NR peak, which subsequently mediates switching of the FLC locus to high levels of H3K27me3 coverage at the end of cold exposure. In principle an analog component to vernalizing cold temperature response is also possible. For example, a protein concentration level could continuously increase with cold exposure duration. Such an altered protein concentration could then, in a digital class 2 model, alter the fraction of time during which a digital NR peak is present at FLC. Nevertheless, as our results demonstrate, regardless of prior analog circuitry, the NR switching element for FLC that sets up the appropriate fraction of postcold silenced cells is likely to be digital. We emphasize, however, that ambient temperature sensing, without a need for subsequent digital storage, will not be subject to the same constraints.
Overall, we find that the digital class 1 model fits our data better than the class 2 model (Fig. 4 A-C) , with both classes being superior to the analog model. Moreover, there are additional theoretical reasons to favor the class 1 over the class 2 digital model. With digital class 1 H3K27me3 nucleation, it is more straightforward to obtain the appropriate switching than in either the class 2 model or, especially, the analog model. If, in a digital class 1 model, a very strong H3K27me3 signal is imposed in the NR, near-perfect switching will result due to the strength of the change, with the self-reinforcing H3K27me3 signal spreading over the entire locus. In this case, there is substantial leeway in the height of the H3K27me3 NR peak with which this can be achieved. By contrast, in the analog mechanism, the height of the H3K27me3 NR peak is necessarily critical and fluctuations in its level will compromise the quantitative vernalization response. Moreover, the digital class 1 model cannot suffer from the problem of weak switching from a small H3K27me3 NR peak. For the digital class 2 model, however, the results are sensitive to the residence time of the nucleating on state, not just to the fraction of time it is present. The residence time must be of a similar duration to the time it takes at the end of the cold to complete a switch to a fully silenced state with H3K27me3 covering the locus. If the residence time is too long, the system will switch too effectively from a NR peak present for only a small fraction of the time. This is because, although the NR peak is rarely present, when the peak does appear, it resides for an extended period, allowing efficient switching. In this case, the response of the system will saturate too soon in the cold. However, if the residence time is too short, switching will be ineffective from NR peaks present for a small fraction of the time. In either case, the outcome is a nonlinear response similar to that in the analog model (Fig. 3A) . These properties make the digital class 1 model need less fine-tuning and make it more robust to parameter variations. In addition, the digital class 1 model has one fewer parameters than the class 2 model, although fitting better (Fig. 4 A-C) . Such a digital model may also perform better than analog models when confronted with circadian variation in temperature. Our experiments in Arabidopsis have shown that plants can integrate over interruptions in long-term cold exposure. As plants in the field are exposed to a highly fluctuating temperature environment (22) , this ability is probably an important component driving adaptation. Nevertheless, the response to interrupted cold is not the same as the response to uninterrupted cold. Our data are consistent with the evolution of a strategy ensuring plants do not respond too quickly to short periods of cold, thus requiring a full winter and reducing the risk of premature flowering after a short, cold autumn. This strategy also ensures reliable flowering after a winter interrupted by frequent warm interludes.
Interestingly, within our favored digital class 1 model, a perfect interruption-buffering system is a Poisson nucleation process with a constant probability per unit time in the cold of digitally and irreversibly inducing nucleation. However, the lessened response we have found for short cold periods indicates that such a system is not implemented in Arabidopsis. Within a digital class 1 model, the probability per unit time of digitally nucleating early on during cold exposure is reduced, before later recovering. This could be achieved by one or more stochastic, digital switches before digital nucleation at FLC can occur, i.e., a multistep coldsensing mechanism. In this case, the probability of digital class 1 nucleation at FLC would be suppressed for short cold periods. It will be interesting to see whether this or other similar possibilities are borne out by future experiments.
Finally, we emphasize that our conclusions are not restricted to vernalization or even to cases with Polycomb-based epigenetic memory, but will apply to any biological situation where quantitative information is digitally stored. Analog switching elements will have limitations with low-level signals due to inherent limitations in subsequent analog-to-digital conversion. Digital switching elements, which do not suffer from this deficiency, may therefore be more widespread.
Materials and Methods
Plant Material and Growth Conditions. The Columbia line FRI-Sf2 was described previously (23) . Sterilized seeds were sown on MS media (no glucose), stratified at 4°C for 2 d, and pregrown for 7 d in warm conditions (20°C, 16 h light). Seedlings were transferred to 4°C under short-day conditions (8 h light) for appropriate cold treatments. T0 seedlings were harvested immediately after cold treatment, whereas T7 seedlings were harvested after a further 7 d or 10 d of growth on MS media (no glucose) following transfer back to the warm condition (16 h light). Nonvernalized control seedlings continued to grow in the warm condition after pregrowth and were harvested for expression analysis at between 3 d and 15 d. For flowering-time recording, plants were pricked out to grow on Arabidopsis compost until bolting. The total numbers of leaves (rosette and cauline) were recorded to indicate flowering time.
